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Abstract 
Consistency between theory predictions and measurements and calculations revealed 
that the skin of ice, containing water molecules with fewer than four neighbours, 
forms a supersolid phase that is highly polarized, elastic, hydrophobic, with ultra-low 
density and high thermal stability. The supersolidity of skin sliperizes ice.  
 
 
Ice surface is abnormal [1-3], which is most slipper of known [4, 5]. The slippery was 
commonly perceived as a result of friction-heating or pressure-depressed melting. 
However, neither of them can explain why ice can be so slippery even while one is 
standing still on it. Faraday [6] postulated in 1850’s that a thin film of liquid water 
covers the surface even at temperature below freezing to serve as lubricant. 
Investigations suggested that ice surface pre-melting happens as the vibration 
amplitudes of the surface atoms were measured folds greater than the bulk [4]. 
However, an interfacial force microscopy and a spherical glass probe investigation 
revealed the opposite [4]. The surface layer is viscoelastic at temperatures over the 
ranging from -10 to -30 °C revealed that, resulting from the absence of the liquid 
layer at very low temperatures. Therefore, the concept of surface pre-melting seems in 
conflicting with the ice-like nature of ultrathin films of water. MD simulations [7] 
suggested that freezing preferentially starts in the subsurface of water instead of the 
top surface layer that remains disordered during freezing. Furthermore, the bulk 
melting is mediated by topological defects that preserve the coordination of the 
tetrahedral network. Such defects form a region with a longer lifetime [8].  
 
Recent work [9-11] confirmed that the H-O contraction, core electron entrapment and 
non-bonding lone-pair polarization result in the high-elasticity, self-lubrication, and 
low-friction of ice surface and the hydrophobicity of water surface, of which the 
mechanism is the same to that of metal nitride [12, 13] and oxide [14] surfaces. The 
slippery or low-friction of ice surface [5] as results from the lone pair weak yet elastic 
interaction and the high density of surface charge instead of the liquid lubrication. 
Furthermore, because of the cohesive energy gain of the two intramolecular O-H 
bonds, a monolayer of water performs solid like with high elasticity and charge 
density because of the increase of molecular cohesive energy that raises the Tm. This 
expectation coincides with higher surface charge density measured using thin film 
interferometry [15]. The strong surface field induced by the surface charge establishes 
a more ordered hydrogen-bonding network that promotes the forming of thicker water 
lubrication film between hydrophilic solid surfaces. 
 
Figure 1 compares the residual Raman spectra of the ωH of water with that of ice 
collected using the Glancing angle Raman spectroscopy by Donaldson and 
co-workers [3]. The identical frequency of 3450 cm-1 for the H-O stretching confirms 
the skin supersolidity of water and ice. The raw data were collected from water at 
room temperature and from ice (larger angle at -20 °C and smaller angle at -15 °C) at 
different angles between the surface normal and the reflected laser beam. Subtracting 
the spectrum collected from larger angle from the one collected at smaller angle upon 
spectral area normalization gives rise to the residual Raman spectrum. Molecular 
Dynamics (MD) calculation discriminates the skin from the bulk interior. In the skin 
region, water molecules become smaller but their separation is enlarged. 
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Figure 1 Residual Raman spectra of the O-H stretching modes of bulk water at 
room-temperature (solid blue trace), the air-water interface (dashed blue trace), bulk 
ice at -20 °C (dotted red trace), and the air-ice interface at -15 °C (dashed red trace) 
detected using glancing angle Raman spectroscopy with insets being the raw data of 
measurements. The residual Raman spectra were obtained by subtracting the spectrum 
collected at larger angles (between the surface normal and the reflection beam) from 
the one collected at small angles ([3]) upon the spectral area being normalized. MD 
calculation suggests that in the skin region, water molecules become smaller but their 
separation is enlarged. 
 
Surface pre-melting is ruled out. As listed in Table 1, the skin of water and ice share 
the same ωH = 3450 cm-1 value for the H-O stretching vibration mode. The ωH = 3200 
cm-1 for the bulk water and ωH = 3125 cm-1 for the bulk ice. In contrast, ωH = 3650 
cm-1 for gases in vapor composed of dimers. Based on the derivatives in the recent 
work[16], density, dOO, dx, Ex, and density of each phase can be derived, see Table 1. 
According to the current notation, the Tm is proportional to the bond energy of the 
H-O bond that becomes shorter and stronger at the surface skin.  
 
Figure 2 shows the sampling procedure for extending the Ice Rule to the H-bond and 
the ideal structure of ice and water [11]. The central tetrahedron in Figure 1c 
illustrates the elegant Ice Rule of Pauling [17]. In the hexagonal or cubic ice phase the 
oxygen ions form each a tetrahedron with an O---O bond length 0.276 nm, while the 
O-H-bond length measures only 0.096 nm. Every oxygen ion is surrounded by four 
hydrogen ions and each hydrogen ion is connected to two oxygen ions. Maintaining 
the internal H2O molecule structure, the minimum energy position of a proton is not 
half-way between two adjacent oxygen ions. There are two equivalent positions that a 
hydrogen ion may occupy on the line of the O---O bond, a far and a near position. 
Thus a rule leads to the “frustration” of positions of the proton for a ground state 
configuration: for each oxygen ion, two of the neighboring protons must reside in the 
far position and two of them in the near, so-called “two-in two-out” frustration. The 
open tetrahedral structure of ice affords many equivalent states including spin glasses 
that satisfy the Ice Rule.  
 
 
 
 
Figure 2 (a) Sampling procedure for extending Pauling’s Ice Rule [17]. The 
sp3-hybrided oxygen with two lone pairs (green) and two bonding (yellow) orbits forms 
a quasi-tetrahedron of C2v group symmetry [18]. An extension of this quasi-tetrahedron 
yields an (b) an ideal tetrahedron of C3v that contains two H2O molecules and four 
identical O:H-O bonds.  Packing the basic C3v blocks in an sp3 order yields (c) a 
diamond structure that correlates the size, separation, and mass density of molecules 
packing in water and ice. (d) The H-bond forms a pair of asymmetric, coupled, 
H-bridged oscillators whose relaxation in length and energy mysterizes water and ice 
[11]. 
 
Undercoordination of water molecules shortens and stiffens the H-O bond and 
lengthens and softens the O:H is elongated, which lowers the density of packing. The 
stiffened H-O bond raise the frequency of vibration and deppens the potential well, 
resulting in O1s excessive energy shift to deeper [9]. 
 
Table 1 Shows the segmental bond length, vibration frequency, binding energy and 
density of water ice derived using the following relations[9, 10, 16, 19, 20]: 
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Where kc is the 2nd differential of the Coulomb potential and kx the 2nd differential of 
the respective short-rage potential for the H-O and O:H bond. The mx is the reduced 
mass of vibration dimers.  
 
Table 1 Skin supersolidity (ωx, dx, Ex, ρ) of water and ice derived from the 
measurements (indicated with refs) and calculated based on the H-bond model and 
structure model [16, 20]. 
 
 Water (298 K) Ice (ρmin) Ice  Vapor 
 bulk skin bulk 80 K dimer 
ωH(cm-1) 3200[3] 3450[3] 3125[3] 3090[10] 3650[21] 
ωL(cm-1)[10] 220 ~180[9] 210 235 0 
dOO(Å)[16] 2.700[22] 2.965[23] 2.771 2.751 2.980[23] 
dH(Å)[16] 0.9981 0.8406 0.9676 0.9771 0.8030 
dL(Å)[16] 1.6969 
 
2.1126 1.8034 1.7739 ≥2.177 
ρ(g⋅cm-3)[16] 0.9945 0.7509 0.92[24] 0.94[24] ≤0.7396 
EL(meV)∝(ωx×dx)2 91.6 95[25] 94.2 114.2 0 
*EL(meV) (qH = 0.20 e) 24.6 24.4 26.2 44.3 0 
EL(meV) (0.17 e) 33.4 33.8 35.1 52.0 0 
EL(meV) (0.10 e) 49.9 
Increase with the drop of qH. 
EL(meV) (0.05 e) 58.3 
EH(eV) ∝(ωx×dx)2 4.4294 3.6518 3.97[10] 3.9582 3.7300 
*EH(eV) (qH = 0.20 e) 3.6201 7.1967 4.0987 3.9416 8.6429 
EH(eV) (0.17 e) 3.6203 7.1968 4.0990 3.9418 8.6429 
EH(eV) (0.10 e) 3.6207 
Insensitive to qH. 
EH(eV) (0.05 e) 3.6209 
  
*Obtained by solving the Lagrangian motion equation[20]. 
 
In summary, water molecular undercoordination shortens and stiffens the H-O bond 
and meanwhile lengthens and softens the O:H bond. The shortening of the H-O bond 
raises the density of the core and the bond electrons, which in turn polarizes the 
nonbonding electrons. Therefore, the density of skin is lower (0.75 g⋅cm-3). The high 
elasticity and the high density of dipoles form the essential conditions for the 
supersolidity [26], which slipperizes ice.  
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